Being widely existed in oomycetes, the RXLR effector features conserved 29 RXLR-dEER motifs in its N terminal. Every known Phytophthora or 30 Hyaloperonospora pathogen harbors hundreds of RXLRs. In Pythium species, 31 however, none of the RXLR effectors has been characterized yet. Here, we developed 32 3 49 Author summary 52 Pathogens from the Pythium genus are widespread across multiple ecological 53 niches. Most of them are soilborne plant pathogens whereas others cause infectious 54 diseases in mammals. Some Pythium species can be used as biocontrol agents for 55 plant diseases or mosquito management. Despite that phylogenetically close oomycete 56 pathogens secrete RXLR effectors to enable infection, no RXLR protein was 57 previously characterized in any Pythium species. Here we developed a stringent 58 method to predict Pythium RXLR effectors and compared them with known RXLRs 59 from other species. All oomycetous RXLRs form a huge superfamily, which indicates 60 they may share a common ancestor. Our sequence analysis results suggest that the 61 expansion of RXLR repertoire results from gene duplication and genome 62 recombination events. We further demonstrated that most predicted Pythium RXLRs 63 can be transcribed and some of them encode effectors exhibiting pathogenic or 64 defense-inducing activities. This work expands our understanding of RXLR evolution 65 in oomycetes in general, and provides novel insights into the molecular interactions 66 between Pythium pathogens and their diverse hosts. 4 67 129 RXLR genes and proteins exhibit similar features in sequence divergence, disorder 130 content and genome location. Four novel RXLRs from P. ultimum, P. oligandrum and 131 P. periplocum were functionally verified as effectors. Our findings reveal the wide 132 occurrence of RXLRs in Pythium species at the whole-genome level, demonstrate the 7 133 effector activities of selected Pythium RXLRs, and provide a solid platform for 134 investigating the diversified roles of Pythium RXLRs in pathogenicity. 135 136 Results 137 De novo identification of RXLR effectors 138
a stringent method for de novo identification of RXLRs and characterized 359 33 putative RXLR effectors from nine tested Pythium species. Phylogenetic analysis 34 revealed a single superfamily formed by all oomycetous RXLRs, suggesting they 35 descent from a common ancestor. RXLR effectors from Pythium and Phytophthora 36 species exhibited similar sequence features, protein structures and genome locations. 37 In particular, the mosquito biological agent P. guiyangense contains a significantly 38 larger RXLR repertoire than the other eight Pythium species examined, which may 39 result from gene duplication and genome rearrangement events as indicated by 40 synteny analysis. Expression pattern analysis of RXLR-encoding genes in the plant 41 pathogen P. ultimum detected transcripts from the vast majority of predicted RXLRs 42 with some of them being induced at infection stages. One such RXLRs showed 43 necrosis-inducing activity. Furthermore, all predicted RXLRs were cloned from two 44 biocontrol agents P. oligandrum and P. periplocum. Three of them were found to 45 encode effectors inducing defense response in Nicotiana benthamiana. Taken together, 46 our findings represent the first complete synopsis of Pythium RXLR effectors, which 47 provides critical clues on their evolutionary patterns as well as the mechanisms of 48 their interactions with diverse hosts.
Introduction 68 Coevolution of microbial pathogens and host plants is driven by their endless 69 arms race [1] . Plants respond to the conserved pathogen-associated molecular patterns 70 (PAMPs) of pathogens via a diverse group of cell surface receptors, and thereby 71 induce PAMP-triggered immunity (PTI) [2] . Numerous plant pathogens, including 72 bacteria, nematodes, fungi and oomycetes, can counteract PTI by delivering effector 73 proteins into host cells to suppress plant defense and facilitate infection [1, 3] . 74 RXLR proteins are a group of effectors initially identified from Phytophthora 75 species. Their N terminals feature conserved RXLR-dEER motifs, which is assumed 76 to function in the host cell translocation process. In contrast, the C-terminals of RXLR 77 proteins are relatively divergent due to their distinct effector activities in modulating 78 host immunity [4, 5, 6] . The interacting targets of some Phytophthora and 79 Hyaloperonospora RXLRs have been well-studied. For example, the RXLR effector 80 PexRD2 from Phytophthora infestans can perturb host resistance response by 81 interacting with a positive plant immunity regulator MAPKKK [7] . PsAvh262, which 82 is essential for the pathogenicity of Phytophthora sojae, suppresses ER 83 stress-dependent immunity via stabilizing ER-luminal binding immunoglobulin 84 proteins (BiPs) [8] . A Phytophthora capsici RXLR effector, PcRXLR207, triggers the 85 degradation of BPA1 (Binding partner of ACD11) family proteins to facilitate the 86 biotroph to necrotroph transition [9] . A conserved RXLR effector HaRxL23 from 87 Hyaloperonospora arabidopsidis can suppress PTI in tobacco as well as 88 effector-triggered immunity (ETI) in soybean [10] . Furthermore, some RXLRs are 89 avirulence proteins exhibiting gene-for-gene interactions with specific host resistance 90 proteins [11] . 91 Quantities of RXLR candidates have been identified from Hyaloperonospora and 92 Phytophthora species via bioinformatic searching approaches. A pilot method was 93 designed to search for protein with a signal peptide (SP) in its first 30 residues and an 94 RXLR motif within the following 30 residues. This method was used for RXLR 95 identification in Hyaloperonospora parasitica, Phytophthora ramorum and P. sojae 96 [12]. Later on, RXLRs were identified in three Phytophthora species using the hidden 97 Markov model (HMM) together with regular expression (regex) model [5] . A 98 homology searching method was also developed and used together with HMM to 99 predict 370 and 392 RXLRs in P. ramorum and P. sojae, respectively [13] . Moreover, 100 the three approaches above were combined to characterize RXLRs in Plasmopara 101 viticola, an oomycete pathogen infecting grapevine [14] . RXLR developed a de novo identification method with stringent threshold to screen RXLR 141 candidates in 9 Pythium species ( Fig 1A) . Meanwhile, well-studied P. sojae, P. 142 ramorum and H. arabidopsidis genomes were used as positive controls. Some other 143 species including two diatoms were also parallelly examined (S1 Table, Fig 1B) . proteins contain an SP but lack transmembrane region (TM). 148 In total, 311,164 sequences were achieved with 12,490 to 33,431 sORFs being 149 found in each Pythium species, which is close to that of Hyaloperonospora and 150 Phytophthora (12,830 to 25,178 sORFs). Interestingly, non-oomycetes only had 47 to 151 12,213 sORFs identified (S1 Table) . Significantly more sORFs can be found in 152 oomycetes when compared to other species (P<2.2E-16, Fisher's Exact Test), 153 indicating the occurrence of more expansion events in secretory protein-encoding 154 genes in oomycetes. Phylogeny of the 26 species is based on data from the Taxonomy Database and previous studies. 160
The ratios of sORFs to whole ORFs, the counts of RXLR candidates and the ratios of RXLRs to 161 sORFs in each species are showed in boxplots following the species names. The genome size of 162 each species is showed after the corresponding boxplots. (C) Weblogo of the RXLR-dEER motifs 163
of Pythium RXLR effectors.
164
Since some functionally verified RXLR effectors contain degenerate dEER 165 motifs (S2 Table) , the original regex model ( were identified using this modified model ( Fig 1B) . 169 We identified, which form a huge relatedness network (Fig 2A) . Phytophthora RXLRs 207 have a higher within-genus relatedness level when compared with those from Pythium 208 or Hyaloperonospora, suggesting a larger contribution of recent gene expansion 209 events in Phytophthora. We found three clusters sharing little relatedness with 210 Phytophthora RXLRs, which indicates their relative independence in evolution. 211 Almost all RXLRs in these clusters are from Pythium. The three clusters are named as 212 Cluster 1 (C1), Cluster 2 (C2) and Cluster 3 (C3), respectively (Fig 2A) Analysis of shared sequence identity (peptides with BLASTP hit E-value<1e-5 and 235 identity>30%) revealed 67, 93 and 28 Pythium RXLRs being intraspecies, intragenus 236 and intergenus conserved, respectively (S5 Table) , suggesting that Pythium RXLRs 237 share a common ancestor with those from other genera and were only slightly 238 expanded after species divergence. These conserved RXLRs may be essential 239 effectors for pathogens and deserve more attention in future study. 240 Phylogenetic analysis was performed to further elucidate the evolutionary 241 relationships among oomycete RXLRs as well as RXLR-like proteins from diatoms. 242 Due to the host-pathogen arms race, RXLR C-terminals (after the dEER motif) are 243 much more divergent [12] than their relatively conserved N-terminals [13, 29] . 244 Therefore, when building the phylogenetic tree, C-terminal and SP regions were 245 discarded to reflect RXLR evolution relatedness with minimal interferences from host 246 coevolution and secretory signal sequences. Except for PyolRXLR33 and 247 HyarRXLR1, all other 1,111 RXLRs formed a huge clade (bootstrap value=100), 248 indicating that they belong to a single superfamily. Using bootstrap value>80 as the 249 criteria, 972 RXLRs can be divided into 105 subfamilies with member sizes ranging 250 from 2 to 112 (S6 Table) . No significant divergence was detected among also share low identities in our study. On average, only 37% identity was detected for 262 all closest RXLR ortholog pairs within the Pythium genus. In contrast, we randomly 263 selected 300 Pythium proteins and found a much higher average sequence identity 264 (67%) associated with their closest ortholog pairs ( Fig 3A) . In our study, 233 (65%) 13 
265
Pythium RXLRs failed to form any ortholog pairs whereas only 10 out of 300 266 randomly selected Pythium proteins lack orthologs ( Fig 3A) . Furthermore, 236 (66%) 267 Pythium RXLRs showed higher than 50% of sequence divergence ( Fig 3A) . ). Both observations are similar to the previous report [15] . 302 Similar gene location preference was detected for Pythium RXLRs in our study. 303 Compared with the complete gene sets of their corresponding species, RXLRs of all 9 304 examined Pythium species have longer average intergenic distances at both 5' and 3' 305 ends ( Fig 3C) . For the 5' and the 3' end average intergenic distances, the differences 306 are statistically significant (P<0.05, Student's t test) in 7 and 3 Pythium species, 307 respectively ( Fig 3C) . These results indicate that Pythium RXLRs are predominantly 308 located in gene-sparse regions, which is similar to that of the Phytophthora RXLRs. Genome rearrangement contribute to the emergence of novel RXLR 311 genes in P. guiyangense 312 P. guiyangense has a larger RXLR repertoire than all other Pythium species 313 examined ( Fig 1B) . Our previous synteny analysis showed that P. guiyangense has a 314 hybrid genome derived from two distinct parental species, which leads to a nearly 315 two-fold expansion of its predicted genes when compared with other Pythium species. Fig 5B) . PyulRXLR22 expression is 372 highly upregulated at late infection stages ( Fig 5A) . Fused with a GFP tag at 373 N-terminal, the four PyulRXLRs were transiently expressed in N. benthamiana 374 epidermal cells to reveal their subcellular localizations. PyulRXLR22 is located in 375 endoplasmic reticulum (ER), plasma membrane and the nucleus (Fig 5C) . In contrast, 376 PyulRXLR3/4/10 were found in plasma membrane and the nucleus but not in ER (Fig   377   5C ). Bioinformatic analysis showed that PyulRXLR22 has two homologs in P.
378 ramorum (BLASTP E-value<1) (Fig 2A) . The demonstrated effector activity makes 379 PyulRXLR22 and its homologs promising targets for further investigation. Fig 6B and 6C) . 433 Reactive oxygen species (ROS) play a central role in plant immunity with ROS 434 burst being a defense response indicator [33] . Our DAB staining assay showed that, 435 compared with the GFP control, ectopic expression of any of the three RXLRs 436 induced ROS burst in N. benthamiana leaves ( Fig 6D) . Furthermore, all three RXLRs 437 can enhance ROS burst triggered by P. capsici inoculation ( Fig 6E) . 438 Interestingly, PyolRXLR32 is both intragenus and intergenus conserved (S5 Fig) . 439 Its P. infestans homolog (BLASTP E-value=2e-115 
